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doi: 10.1016/j.bpj.2010.02.009Phospholipids are the main constituents of all biological
membranes and are thus vital components of the cell.
One of the most important molecular processes damaging
membrane structures is lipid oxidation, which significantly
increases when an imbalance between pro-oxidant and anti-
oxidant systems occurs. Free radical reactions play a central
role in such oxidative stress. The propagation of their perox-
idation products provokes severe perturbations of the mem-
branes’ physical properties and biological functions (1).
Thus, it is of great importance to fully understand the pro-
cesses of lipid oxidation in biological membranes. Due to
the high complexity of living cells, lipid oxidation is difficult
to study in vivo and model systems like artificial phospho-
lipid monolayers may be used as an alternative.
The oxidation of lipids is a well-known phenomenon that
has been studied for centuries. However, the majority of this
work has focused on oxidation of bulk lipids and bilayers
and, to the best of our knowledge, Langmuir monolayers
of unsaturated lipids exposed to the atmosphere remain
unexplored in this context. The combination of the Langmuir
technique for preparing a monolayer with the surface specific
spectroscopic technique used in this study offers a way to
investigate the oxidation of lipids in situ (2,3).
Oxidation of C¼C double bonds in lipids can be mediated
by a variety of reactive species in the atmosphere, such as
singlet oxygen, ozone, or the OH radical (4,5). After the
initial reaction step, which causes the vinyl CH stretch to
disappear, further decomposition results in the insertion of
a variety of oxygen containing polar groups. These increase
the solubility and restrict the free movement of the aliphaticchains by forming hydrogen bonds with the surrounding
water (6). Another outcome is breakage of the chains, which
generates more soluble short chain aldehydes or alcohols (7).
We have investigated the degradation in situ of Langmuir
monolayers of four 1,2-diacyl-phosphocholines with iden-
tical fully saturated, single, double, and triple unsaturated
aliphatic chains respectively, using vibrational sum
frequency spectroscopy (VSFS) (8,9). VSFS is a surface spe-
cific technique, which obviates the need for background
subtraction and provides submonolayer sensitivity. Essen-
tially, two high intensity pulsed laser beams, one tunable
in the infrared (IR) and one fixed in the visible range, are
spatially and temporally overlapped on the surface of the
sample. Provided that the inversion symmetry is broken, as
is the case for an interface, a sum frequency signal is gener-
ated which is enhanced when the IR frequency is in reso-
nance with a vibrational frequency of a molecule at the
interface. All spectra shown in this article are of the polariza-
tion combination ssp, where the p-polarization is parallel and
the s-polarization is perpendicular to the plane of incidence.
The order refers to the polarizations of the sum frequency,
visible, and IR beams respectively. A detailed description
of the VSFS setup used has been presented elsewhere (10).
Briefly, it features a 24 picoseconds laser, an OPG/OPA to
generate the visible and tunable IR-beams, a photomultiplier
FIGURE 2 VSFS-spectra showing the changes accompanying
the degradation in air. The 18:2 PC and 18:3 PC exhibit a vinyl
CH peak that essentially vanishes within 50 min. The ratio of
the CH2 to CH3 peaks indicates that 18:0 PC forms awell-ordered,
tightly packed monolayer whereas the lipids containing unsatu-
rations form signiﬁcantly less ordered monolayers.
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acquire the signal.
1,2-distearoyl-sn-glycero-3-phosphocholine (18:0 PC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 PC), 1,2-di-
linoleoyl-sn-glycero-3-phosphocholine (18:2 PC), and 1,2-
dilinolenoyl-sn-glycero-3-phosphocholine (18:3 PC) were
purchased from Avanti Polar Lipids (Alabaster, AL). All
water used was purified using a Millipore (Billerica, MA)
system featuring constant monitoring of the conductivity
(>18.2 MU$cm) and the organic content (<4 ppb). To pre-
pare the monolayers, a 1 mg/ml solution of lipid in CHCl3
(R99.8%, stabilized with amylene, used as received, Sigma
Aldrich, St. Louis, MO) was spread at the pure water surface
(21 5 0.5C) of a Langmuir trough (Minimicro 1S, KSV
Instruments, Helsinki, Finland). The monolayer was imme-
diately compressed to a surface pressure of 4 mN/m using
a speed of 5 mm/min and the recording of the vibrational
sum frequency spectrum was started as soon as the desired
surface pressure was reached. To lower the content of reac-
tive species in the atmosphere adjacent to the film, the trough
was placed in a sealed box that was purged with filtered
nitrogen in some of the experiments. The rate of the degrada-
tion varied from day to day, but the general trends were the
same. The data for the unsaturated lipids exposed to the labo-
ratory air presented in this article were recorded during the
same day and are a representative selection of many repeats.
The relative monolayer area, A/A0, where A is the mea-
sured trough area and A0 is the area after the initial compres-
sion to 4 mN/m was finished, is plotted versus time in Fig. 1.
It is evident that the monolayer area decreased rapidly with
time when the films of unsaturated lipids were exposed toFIGURE 1 Relative trough area of monolayers of phospholipids
with saturated and increasingly unsaturated aliphatic chains
at constant surface pressure plotted versus time. The 18:0 PC
monolayer was stable, whereas the ﬁlms of unsaturated lipids
degraded. Purging the ambient atmosphere with nitrogen
inhibited the degradation. The markers show the amplitude of
the vinyl CH stretch.the laboratory air, while the area remained almost constant
for the saturated lipids. At a relative area of z 0.3, the
barriers could not move anymore and the experiment was
terminated. As shown for 18:2 PC, protecting the monolayer
by purging with nitrogen stabilized all three unsaturated
films.
Fig. 2 shows the corresponding vibrational sum frequency
spectra for the four lipids at different times. The resonances
at 2850 cm1 and 2880 cm1 are the methylene and methyl
symmetric stretching vibrations (CH2-ss and CH3-ss) respec-
tively, and their Fermi resonances (CH2-FR and CH3-FR)
form a broad peak centered at 2940 cm1 (11). The cis-
carbon-carbon double bonds on the unsaturated lipids give
rise to a vinyl CH stretch vibration at 3010 cm1 (12).
This peak is clearly visible only for the two unsaturated
lipids with two and three double bonds per aliphatic chain
and decays with time, primarily because the C¼C double
bonds are destroyed, while the signal from the lipid contain-
ing one double bond per chain is too weak to be detected.
In Fig. 1, the fitted amplitudes (9) of this peak are plotted
and normalized so that the amplitude in the first spectrum
acquired is set to one. At relative amplitudes lower than
~0.4 the peaks are too weak to produce a reliable fit.
The decrease in area of the unsaturated lipid monolayers
exposed to laboratory air indicates that matter leaves the
surface. The sharp decay of the vinyl CH peak, and the
fact that it disappears almost completely before the mono-
layer area starts to decrease, supports the hypothesis thatBiophysical Journal 98(10) L50–L52
L52 Biophysical Lettersthe reduction in monolayer area is caused by oxidation fol-
lowed by dissolution of the oxidized species. The alternative
explanation —that the area decrease is a consequence of
dissolution of monomers without preceding oxidation—
can be ruled out since this would not result in major changes
of any of the spectral features. Additional data not presented
here show that similar degradation also takes place at higher
surface pressures (20 mN/m).
It is worth noting that, after the initial compression to
constant pressure in laboratory air, the area of the mono-
layers increases during the first few minutes, while at the
same time the VSFS spectra show an obvious decrease
in the vinyl amplitude, indicating that the decomposition
has already begun. This increase in molecular area is more
prominent for lipids with many unsaturations and is almost
certainly due to a combinaton of two factors. Firstly, the
number of species at the surface is likely to be increased
upon oxidation due to cleavage and these fragments will
mix in the layer with the remaining and unreacted mono-
layer. Secondly, any polar component associated with oxida-
tion of the chain will be energetically disfavored in the alkyl
region and the remaining chain will thus tend to change con-
formation such that the polar species can sample the more
polar environment of the headgroup-water interface. This
will necessarily increase the area per molecule (5).
The ratio of the CH3-ss and CH2-ss intensities can be used
to estimate the overall order of the lipid monolayer (13).
In a tightly packed, well-ordered monolayer the aliphatic
chains are stretched in an all trans conformation and hence
the CH2 groups reside in a locally centrosymmetric environ-
ment and will not give rise to any signal, leading to an ssp
spectrum dominated by the CH3-ss peak and its Fermi reso-
nance. Conversely, the ssp spectrum of a disordered mono-
layer mainly displays a CH2-ss peak with little or no CH3-ss
signal (3) as gauche defects destroy the local centrosymme-
try and the ordering of the methyl group is compromised.
The observation that the CH2 peak was significantly more
intense than the CH3 peak during the degradation of the
unsaturated monolayers clearly indicates a disordered mono-
layer and that its area decrease is not caused by an increas-
ingly dense packing. Instead, the intensity of the CH3 peak
decreases, except for 18:1 PC where it temporarily increases
during part of the degradation, and the CH2 peak increases
indicating that the degradation causes the film to become
even more disordered.
The spectrum of 18:0 PC exhibited a strong CH3 signal and
only a negligible contribution from the CH2, which is consis-
tent with a well-ordered, tightly packed monolayer; only
minor changes were observed within 3.5 h. This observation,
together with the constant monolayer area, indicates that no
degradation of the fully saturated phospholipid took place.Biophysical Journal 98(10) L50–L52In summary, we have shown that Langmuir monolayers of
unsaturated phospholipids on a water subphase are not stable
and quickly degrade when in contact with the ambient atmo-
sphere, whereas fully saturated phospholipids are essentially
completely stable. The degradation is due to the reaction of
the double bonds with reactive species in the air and the
use of a controlled environment inhibits degradation and
protects the monolayer.ACKNOWLEDGMENTS
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